Glass fiber veil is produced with a wet forming process, after which the veil is dried in a wire-type cross-flow dryer. The wet nonwoven web structure of glass fibers and binder undergoes the drying process under specific conditions as air velocity, air temperature and air humidity, each of which can be controlled separately. Drying is an important process step, which highly defines the end product properties of the glass fiber veil.
Introduction
Wet-laid glass fiber veils are stochastic structures of fibers and binder with definite physical properties. The overall properties of the veils, like thickness, roughness, porosity, tensile strength and compressibility are defined by the conditions at the process stages in the production line. The glass fiber veil is produced with a wet-forming process, after which the glass veil is transported through a wire-type cross-flow dryer.
Drying is an important process step that highly defines the product properties. The objectives of the underlying study are therefore: (1) Gain a better understanding of the drying process of glass web and its relation to product and process properties, (2) Enhance the controllability of the drying process, and (3) Improve the energy management of the drying process. These objectives are reached by the tools, that are described in the following sections, i.e. by a calculation model of the drying process, by measuring equipment in the dryer, and by relational models for the drying process and glass veil product properties. Results of relevant dryer simulations are shown and discussed at the end.
Model of the Drying Process
Micro-model: The wet glass fiber surface Experimental drying curves measured in a lab oven show the relative importance of the drying stages of a web structure of glass fibers and binder material (Figure 1 ). There are two relevant drying stages in the contact between drying air and the wet fiber surface [1] [2]:
(1) Warming-up of the water layer and fiber surface.
(2) Steady drying of the fiber surface. The next stages also exist in the contact between the air and the dry fiber structure:
(1) Warming-up of the dry fiber and binder material until the curing temperature.
(2) Steady curing of binder material in the web structure. The instationary warming-up stages of the glass fibers are relatively short: The stationary drying and curing stages are most important for the underlying study of drying and curing of glass web.
The drying of the fiber surface is a combined heat and mass transfer process between the water layer and fiber surface at the one side, and the drying air above that water layer at the The mass flux of vapor coming from the water layer is: The coefficients a and b are coupled according to the Chilton-Colburn analogy:
where Le = Lewis number for water evaporation r = density of drying air
The value of Le 1/3 is about 0.95 for water vapor in air. The ratio a/b is then normally set to 1.
The transfer coefficients a en b depend on the mass flow velocity of the drying air via a power function [ 
where DH = latent heat of evaporation [J/kg] and thus, using (1), (2) and (3):
The equilibrium temperature or Wet Bulb Temperature of the water, glass fibers and binder only depends on the air humidity (vapor pressure) and temperature. The air humidity has the greatest influence on the Wet Bulb Temperature (Figure 3) .
The glass fiber web structure consists of a stochastic array of overlapping fibers with random position and orientation. The pores between the fibers of the wet web structure are filled with binder material, water, water vapor and air.
The water in the glass web is assumed to be located on the cylindrical-shaped fiber surface as a uniform shell. The diameter of the whole fiber, inclusive the water shell, should be seen as an "obstacle diameter" for the air flow through the The humidity of the drying air, while crossing the web slice, increases and its temperature decreases. The water content of the glass web slice decreases with the same total amount of water: 
Macro-model: The dryer sections
The wet glass web moves through the drying sections while supported by a transport wire. The macro-model of the dryer includes the mixing of suppletion air and burner air with the main recirculation air stream that comes from the bottom of the dryer. Furthermore, suction air is split from the main stream at the bottom of the dryer (Figure 5 ). The moving web and wire influences the way the drying air flows through each section and through the web and wire:
• Vortices occur at the neginning and end of the sections.
• Drying air experiences drag while passing the web and wire.
• There can be a pressure difference between the sections. This causes that drying air leaks from one section to the other.
The effect of leaking air through the wire slots between the dryer sections is included in the macro model.
Principally the flow processes in the dryer sections are controlled by the following parameters: 
Transport wire
The glass fiber web is supported by a transport wire on its way through the dryer. When the drying air has flown through the glass web, there is thus also heat and eventually mass transfer to the supporting wire and also to the returning wire. This proceeds on a way similar to that to the glass web ( Figure 6 ). Nevertheless, in practice the next differences between the wire and the glass web are essentially:
• The wire has a different pore structure.
• The specific area of the wire is different.
• The wire has a higher heat capacity. There are three aspects connected to the inclusion of the transport wire into the dryer model:
(1) The air temperature below the supporting wire is measured for validation of the dryer model.
(2) The wire temperature and, eventually, water content are results of the dryer model that are used for understanding related product and process problems.
(3) The dryer model can be used to predict the wire performance under alternative process conditions, or the performance of alternative wire types can be predicted.
Experimental Verification
The experimental verification of the cross-flow dryer model proceeds with data from the glass veil production line. A series of thermocouples beneath the supporting transport wire and over the length of the dryer and a series of hygrometers in the recirculation channels form the key for this experimental verification. Sample results of a fit with experimental data are shown in Figure 7 . The verification proceeds in the following way:
(1) There are correction factors for the transfer coefficients and specific transfer area in the glass web and transport wire. The correction factor for the transfer in the glass web is used for fitting the calculated DT curve to the measured data in the "wet" first part of the dryer. The correction factor for the transfer in the wire is used for fitting the calculated DT curve to the measured data in the second part of the dryer where the glass fiber veil is dry.
(2) The leaking air flow rates through the slots of the transport wire between the dryer sections are adjusted in such a way to fit the measured air humidities in the dryer sections.
The heat and mass transfer rate in the glass web and transport wire proceeds 7.3 and 2.7 times faster than what can be expected from the theoretical transfer coefficients and areas. These transfer coefficients were developed for flat and smooth surfaces.
It is also seen that the effect of leaking air cannot be neglected in the flow calculations in the dryer sections. These flows are most important in the beginning of the dryer, where there are pressure differences between the sections. The relatively low permeability of the wet glass web in that part of the dryer also causes disturbances and vortices in the flow field of drying air, and fluctuations in the drying operation.
The water content and temperature of the glass web and transport wire is an interesting result of the dryer model as it is not possible to measure these quantities in the very definite slices of glass web and wire. Figures 8 and 9 show the water content and temperatures of the upper and lower side of the glass web and of the supporting and returning transport wire. Indeed, the glass web is dry in the second half of the dryer. However, the upper side of the glass web dries 30% faster than the lower side. An important note is that there is condensation of water in the supporting transport wire in the first meters in the dryer. The wire falls dry after a relatively slow drying process due to a low heat and mass transfer. The drying process in the slices of glass web and in the transport wire proceeds at a Wet Bulb Temperature between 50 0 C and 70 0 C. Moreover, the next important features come from the presented graphs:
(1) There is also a difference in the curing time for the upper and lower side of the glass web.
(2) There is a relatively high temperature difference between the wet lower side of the glass web and the dry upper side of the supporting transport wire.
Product and Process Problems Related To The Drying Process
Transport Wire Contamination The wet glass web is supported and transported on a bronze-steel wire through the dryer. On its way through the dryer, a deposit is formed that consists of binder material and fibers and is stuck on the top of the wire. During a production run, this deposit is growing to such a level that it influences the surface properties of the glass fiber veil product. The next solutions are considered:
(1) Less initial water content of the glass web (2) Alternative transport wires (3) Cooling of the return transport wire The wire contamination problem has its base in the fact that (a) binder material is migrating via water bridges that are formed between the wet lower side of the glass web and the upper side of the transport wire, and (b) the lower side of the glass web is burnt to the wire in a flash-drying process when the wire temperature exceeds a certain limit. The amount of water in the wire and length of the wet-wire phase should thus be considered and also the wire temperature during the drying process (Figures 8 and 9) . The area between the lower side glass web temperature and wire temperature profile must also be considered in Figure 9 . This area on the graph is a measure for the binder and fibers to stick at the wire surface, while the length and water content of the wet-wire phase is a measure of the amount of binder that is migrated to the wire surface.
Less initial water content of the glass web
The effect of less initial water content of the glass web is evaluated (Figure 10 ). It is seen that the wet-wire phase is shorter and the wire temperature is lower at the position where the lower side of the glass web falls dry. Also, the residence time for the wet glass web under these conditions is shorter when compared to the process that was described in the reference case. This means that the contamination process at the upper side of the transport wire is less intensive, proceeds in shorter time and with less driving force for the binder to stick on the hot wire surface. This explains experimental production runs of this product.
A draw-back of this solution is less binder performance in the glass fiber web structure, resulting in dust and loss of tensile strength of the end product.
Alternative transport wires
The stability and the life time of the bronze-steel transport wires are not optimal. The wires are sensitive to mechanical damages and wears, also due to the periodic scrubbing. Alternatives for the bronze-steel wires are wires of stainless steel and of plastic (Ryton) (Table 1, Figures 11 and 12) .
Steel: The wet-wire phase is now shorter, and the wire temperature is also lower on the position where the lower side of the glass web falls dry. However, the residence time for the wet glass web under these conditions is longer, when compared to the reference case of Figure 9 . The area on the graph in Figure 11 , which is the measure for the binder to stick at the steel wire surface, is the same as in the reference case, but the amount of binder that is migrated to the wire surface is lower. This indicates that the performance of this steel wire is better than the bronze-steel wire, even when the begin temperature at the entrance of the dryer is relatively high ( Plastic: The contamination process on a plastic wire is also examined on a lab scale. This wire type shows a reduced attach strength of the binder and fibers to the wire surface, and so possibly an easier cleaning process.
The length of the wet-wire phase, and the temperature of the plastic wire, in Figure 12 , is the same as with the bronzesteel wire. A comparable contamination process is thus expected, but a better cleaning performance should result in shorter production stops or a more effective use of in-line wire cleaning devices.
Cooling of the return stainless steel wire
The cooling process of the return wire should result in an initial wire temperature that is lower than the initial glass web temperature in the dryer (Figure 13 ). It is seen that the wetwire phase proceeds until the half of the dryer, indicating a large amount of binder that migrates from the web to the wire surface. The wire temperature is, however, very low at the position where the lower side of the glass web falls dry. Also, the residence time under this condition is very short compared to the situation with the bronze-steel and the noncooled steel wire. The performance of this cooled steel wire should thus be better than the non-cooled steel wire.
Binder Dust and Low Fiber Bonding Performance
A product problem that is also related to the process in the cross-flow dryer is a different fiber bonding performance at both sides of the glass web. Drying of glass web with wet fibers and wet binder films proceeds at the Wet Bulb Temperature (Figure 3) , while evaporating free water and water that is incorporated in the binder gel. In this phase, typically between 50 0 C and 70 0 C, the binder gel picks up some of the surrounding free water and uses it to build solid binder films between individual fibers in different fiber layers. There are definite temperature ranges and process times for solid film forming, what depends on FFU-specs of the used binder systems. Generally, there is low film forming performance and binder dust in two cases:
(1) When the temperature for film forming is out of range. When the definite slices of the glass web fall dry, a chemical and physical crosslinking reaction initiates at the cure temperature. From that moment the binder gives the strength to the glass web structure. Differences between fiber bonding performances at both sides of the web is typical for the glass fiber veil products, but mostly at products running at high speed and with low initial water content. The next solution is considered:
• Minimization of the evaporation rate in the very first part of the dryer, with control of the web temperature.
The web temperature is controlled by the air temperature and air humidity (Figure 3) . The evaporation rate is also controlled by the air velocity.
Minimization of the evaporation rate
The effect of decreasing the air velocity with a factor 4 in the first part of the dryer is evaluated (Figure 14) . There is thus no influence on the web temperature. The effect of suction air and of the leaking air in the sections should be minimized by closing all channels to the outside air and to the neighboring dryer sections. The lower side of the wet glass web now dries at a very slow rate and the drying rate of the upper web side has been reduced with a factor of 3, compared to the reference case of Figure 8 . The ratio of the lower and upper side drying times can so be reduced from 1.6 to 1.4.
Control of the web temperature
The conditions of solid film forming highly depends on the temperature at which the film forming process proceeds. Data for optimum film forming processes of binder material come from FFU-specs and laboratory tests of the binder systems. It is, however, essential that enough free water is available around the binder gel in order to allow the film forming to proceed at the Wet Bulb Temperature (Figure 3) . The conditions for high fiber bonding performances at both sides of the glass web are thus:
(1) Minimum drying in the first part of the dryer (maximum residence time of the top layer at the Wet Bulb Temperature). Minimize the air velocity and temperature in the appropriate sections.
(2) Control the Wet Bulb Temperature in the dryer by control of the air humidity.
Discussion
The simulation model of the cross-flow dryer leads to a deeper insight in the drying process and its process parameters and gives the opportunity to investigate quantities of the drying process that cannot be measured. Two important propositions of the dryer model are discussed below:
Heat and mass transfer in the micro-model The drying rate, as a function of air temperature and humidity, is defined by the transfer coefficients and specific internal area for heat and mass (water vapor) at the interface between air and water in the wet fiber web structure. The transfer coefficients used in the model should be applied to a turbulent stream of air over a flat and smooth surface. The air flow in the fiber web structure is, however, tortuous and subject to vortices around the edges of the flow channels.
Vortices generally leads to fractional higher transfer rates due to local refreshing of the boundary layer. The influence of the vortex wakes on the effective internal area of transfer is uncertain, but it is thinkable that the vortices in the air flow does not create "dead" areas in the web structure where there is no heat or mass transfer.
It is seen that the correction factors for the heat and mass transfer rate are different for the flow in the wet glass web and in the transport wire (7.3 and 2.7). This gives the feeling that the flow through the woven wire fits the "ideal" air flow to a more extent than the flow through the non-woven structure of wet fibers and binder films.
Flow field in the dryer section
The air flow in the cross-flow dryer is not ideally perpendicular to the moving wet glass fiber web. There are definite causes for the non-ideal flow pattern in the dryer section:
• Drying air is dragged, while passing the web and wire. This causes stowing and thrust of the air at the downstream (driest) side of the dryer section, and a pressure difference at both sides of the separation walls between the sections. Drying air therefore leaks from one section to the other through the wire slots between the dryer sections.
• Drying air experiences drag while passing the web and wire. This causes thrust and an uneven air flow through the wet web and wire, as the air flow takes the line of least resistance, i.e. the way through the driest part of the wet web in the section, that is also at the downstream side.
• By also that reason there is a pressure difference on both sides of the separation walls between the sections and leaking air through the wire slots.
• Suction air is split from the main stream at the bottom of the dryer, while the remaining is recirculated to the top ( Figure  5) . In practice the flow pattern in the bottom of the dryer is very complicated due to the relative positions of the entrances of the recirculation and suction channels. Furthermore, at both sides of the web and forming wire drying air is exchanged between The complicated flow patterns in the dryer section is a resultant of a combination of all features, mentioned above. In general, there are vortices in the air flow at the begin and end of the sections, causing fluctuations in the experimental thermocouple data in Figure 7 .
The simulation model takes into account only part of the mentioned complications, i.e. the leaking air between the sections, the mixing of leaking air with the air stream of recirculation, and the splitting of suction air from the remaining unmixed main stream.
Conclusions
• The comparison between simulation results and thermocouple measurements in the cross-flow dryer indicates a good agreement between the developed model and the real drying process, provided that appropriate values should be used for the correction factors for the heat and mass transfer in glass fiber web and transport wire, and also for the leaking air flow rates of the dryer sections.
• The simulation model leads to a deeper insight in the drying process and the relative influence of the process parameters of the dryer. The model shows calculation results of quantities that cannot be measured at the production line. This enables the operator to adequately react to some product quality problems.
• Some related product and process problems can be explained and there are possibilities, on the base of this model, to meet the product requirements and to improve the process efficiency.
• The supporting and return transport wires are important parts of the simulation model of the cross-flow dryer: (1) The wires show other transfer rates and heat capacities. (2) The supporting and return wires influence the drying air that is flowing through it. (3) The condensation in the supporting wire, and its high temperature relative to that of the wet glass web, causes serious wire contamination problems.
• A product problem that is related to the process in the cross-flow dryer is a different fiber bonding performance at both sides of the glass web. Control of the evaporation rate and drying temperature should be based on definite temperature ranges and process times for solid film forming in the fiber layers of the glass veil, depending on FFU-specs of the used binder systems.
• The series of thermocouples beneath the supporting transport wire and the series of hygrometers in the dryer sections are a valuable tool for evaluating the performance of the cross-flow dryer: (1) As a means to validate the simulation model, and (2) As a tool for scanning the drying process in a production run by the process operator.
• The simulation model should be further validated with various types of glass fiber veil products and transport wires under various process conditions, or by continuous inline measurements at the production line.
